CdSe/ZnSe quantum dot formation is investigated by studying different steps of the growth. To precisely control the critical thickness of CdSe grown on a ZnSe buffer layer, the CdSe self-regulated growth rate in atomic layer epitaxy growth mode is determined by reflection high-energy electron diffraction (RHEED) measurements for a temperature range between 180 and 280 • C. Then, the two-dimensional-three-dimensional (2D-3D) transition of a strained CdSe layer on (001)-ZnSe induced by the use of amorphous selenium is studied. The formation of CdSe islands is found when 3 monolayers (ML) of CdSe are deposited. When only 2.5 ML of CdSe are deposited, another relaxation mechanism is observed, leading to the appearance of strong undulations on the surface. We also studied the evolution of the surface morphology when 2.7 ML are deposited, to study the boundary between those two phenomena. The influence of capping on quantum dot morphology is investigated. It is found that cadmium is redistributed within the layer during capping. Our results show that the cadmium distribution after capping depends on the capping temperature and on the strain of the CdSe layer. Cadmium incorporation after capping is also studied. It is found that the amount of incorporated cadmium depends on the strain of the CdSe layer before capping.
Introduction
Self-assembled quantum dots (QDs) are appealing for their potential in confining carriers. From the applications point of view, the growth of self-assembled semiconductor QDs was initially motivated by their potential use in low-threshold 5 Author to whom any correspondence should be addressed. lasers [1, 2] . In recent years there has been renewed interest in these systems due to their possible applications as active media in single-photon emitters [3] , and QDs have attracted a wide attention in the field of quantum information processing [4, 5] . II-VI self-assembled QDs such as CdSe/ZnSe QDs are a promising system for single-photon emission in the blue-green range [6] [7] [8] [9] .
Up to now, for CdSe-based compounds, the formation mechanisms of the QD islands are not completely understood. The results of different groups indicate that the island formation under the majority of different growth conditions used does not occur in a purely Stranski-Krastanov growth mode, but is rather driven by a tendency of Cd to segregate [10] [11] [12] [13] . Methods like annealing under selenium flux [14, 15] or migration-enhanced epitaxy (MEE) [16, 17] have been found to induce a two-dimensionalthree-dimensional (2D-3D) transition of a strained CdSe layer. Still, surface energy engineering is necessary to obtain a better control of the island formation. Indeed, the competition between island formation and misfit dislocation formation as strain relaxation mechanisms plays a key role [18] : the surface energy, the elastic energy and the energy of formation of misfit dislocations have to be taken into account in the island formation process. This makes the control of the island formation with predictable sizes challenging.
One method to change the surface energy and to induce the 2D-3D transition of a strained CdSe layer was recently developed [19, 20] . It consists of covering a layer of strained CdSe with amorphous selenium at low temperature (≈ −10
• C) by exposing the surface for 15 min to a selenium flux of 10 −6 Torr and then to desorb this amorphous selenium by ramping the sample temperature from −10 to 280
• C within 15 min. In this contribution we report further investigations about the formation process and structural properties of CdSe QDs formed by amorphous Se. We study the different paths to relaxation of a strained CdSe layer over a wide temperature range. In particular, we investigate the relaxation by surface morphology changes for CdSe thicknesses close to the critical thickness for plastic relaxation.
We then study the influence of capping CdSe islands by a second ZnSe barrier on the QD morphology. Transmission electron microscopy (TEM) images clearly indicate that the cadmium is redistributed within the layer during capping. We also studied the incorporated amount of cadmium within the layer after capping by means of TEM and high-resolution x-ray diffraction (HRXRD). Our results show that the incorporated amount of cadmium depends on the strain of the CdSe layer before capping.
Sample fabrication
The samples were prepared the following way. First, a 1 μm GaAs buffer was grown by molecular beam epitaxy (MBE) on a (001) thermally deoxidized GaAs substrate in order to obtain a proper surface for the following growth. The samples were transferred under vacuum into a II-VI MBE chamber and a ZnSe buffer between 40 and 100 nm thick was grown at 280
• C by alternating the standard MBE growth mode with a growth rate of typically 0.4 monolayers (ML) s −1 , controlled by means of reflection high-energy electron diffraction (RHEED) oscillations and atomic layer epitaxy (ALE) growth mode, which allows one to obtain a better crystalline quality. The precision on the temperature measurements is ±3
• C (the thermocouple is in contact with the sample holder and the temperature was calibrated using the Sn melting point on different substrate holders). The ZnSe growth was carried out with a Zn flux of 3 × 10 −7 Torr and a Se flux of 1 × 10 −6 Torr. The thickness of the ZnSe buffer (40 nm) was kept below the critical thickness of ZnSe on GaAs (which is about 150 nm [21] [22] [23] ), so that the ZnSe buffer was fully strained on GaAs. After the growth of the ZnSe buffer, a CdSe layer was grown by ALE. The growths of the CdSe layers were carried out with a Cd flux of 3 × 10 −7 Torr and a Se flux of 1 × 10 −6 Torr. In section 3, we report the plastic relaxation of CdSe on ZnSe studied by growing CdSe layers on ZnSe thicker than the critical thickness for plastic relaxation. For the studies in the rest of the paper, samples were fabricated by growing strained CdSe layers between 2 and 3 ML thick on the ZnSe buffer. After the growth of the CdSe layer, amorphous selenium previously deposited at low temperature (≈−10
• C) was desorbed by ramping the sample temperature from −10 to 280
• C within 15 min [19, 20] . The effect on the surface morphology of the desorption of amorphous selenium is studied in section 4. Then, to obtain QD samples, the treated CdSe layer was capped by a second ZnSe barrier between 40 and 100 nm thick. The influence of the capping procedure on QD morphology is studied in section 5.
Plastic relaxation during the growth of CdSe on ZnSe
This part of the study is to make sure that we are able to avoid plastic relaxation in a strained CdSe layer and possibly form CdSe islands. Indeed, to obtain high structural and optical quality of CdSe QDs, the formation of misfit dislocations has to be avoided. Thus, a CdSe thickness thinner than the critical thickness of CdSe on ZnSe has to be used.
CdSe layers thicker than the critical thickness of CdSe on ZnSe were grown after the growth of ZnSe buffers to study their plastic relaxation. To control the thicknesses of the CdSe layers we used the ALE growth mode because it allows a selfregulation of the growth rate [24] .
In order to precisely determine the self-regulated growth rate during ALE growth of CdSe on (001)-ZnSe, we measured the evolution of the in-plane lattice parameter by studying the evolution of the RHEED pattern along the [110] azimuth which presents a (2 × 1) reconstruction under selenium flux. The variation of the distance between the streaks gives the variation of the in-plane lattice parameter. This method was initially used to determine the critical thicknesses of CdTe grown by ALE on ZnTe [25] and was recently used in the case of CdSe deposited on (001)-ZnSe by ALE [26] . Oscillations of the lattice parameter according to whether the surface is exposed to Cd or to Se have been observed [26, 27] . These variations were explained by the formation of small relaxed islands on the surface during the exposure to the Cd flow, the surface being smoother during the exposure to the Se flux [26] . Thus we took care to measure the lattice parameter during the exposure to the Se flux. Figure 1 presents the evolution of the in-plane lattice parameter, versus the number of ALE cycles for different temperatures. These measurements were performed on the same sample. For each temperature, about 12 ALE cycles of CdSe were deposited. An ALE cycle consists of 10 s exposure to the Cd flux followed by 10 s under vacuum, 10 s exposure to the Se flux and 10 s under vacuum. Between each CdSe layer, 40 nm of ZnSe were deposited in order to recover a ZnSe Number of CdSe ALE cycles Δa/a(%)
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• C between each measurement, while going down from 280 to 180
• C. For a growth temperature of 280
• C, we notice that there is no evolution of the lattice parameter until the deposition of six ALE cycles. The lattice parameter increases starting from the seventh cycle, indicating the beginning of the relaxation of the CdSe layer by the formation of misfit dislocations. Several groups determined the critical thickness of CdSe on (001)-ZnSe by the use of RHEED oscillations for a growth by MBE [28, 29, 17] . When the critical thickness is reached, the surface becomes rough, which leads to a fall of the intensity of the specular beam and a disappearance of the RHEED oscillations. This method has led to a critical thickness of 3 ML. Using the same approach we checked that we obtain the same value. This value was confirmed by photoluminescence (PL) measurements [14] . Thus, as the relaxation starts from the seventh cycle at 280
• C, selfregulation in the ALE growth mode of CdSe on (001)-ZnSe corresponds to a growth rate of 0.5 ML/cycle. This growth rate is the same than the one of ZnTe deposited on (001)-CdTe and CdTe deposited on (001)-ZnTe [30, 31] . Note that the measurement at 280
• C was made again at the end of the series to check the validity of our measurements. It was found that the relaxation occurred for the same number of ALE cycles.
In the case of the growth of CdTe, a steep increase of the self-regulated growth rate is observed when decreasing the temperature [32] . It appears in our measurements that the relaxation begins after the sixth cycle, for temperatures higher or equal to 240
• C. For a growth temperature of 220 • C, relaxation starts after the fifth cycle and below this temperature after the fourth cycle. This observation can be explained by an increase of self-regulated growth rate or a decrease of critical thickness when decreasing the growth temperature. Assuming that the critical thickness is 3 ML in all the temperature range, the results show an increase of the self-regulated growth rate from 0.5 to 0.75 ML/cycle when decreasing the temperature from 240
• C to 200
• C. This is the most likely explanation for the decrease of the onset of relaxation of CdSe. However, it is not totally excluded to consider a decrease of the critical thickness with growth temperature. But by comparison to other similar II-VI systems (ZnTe/CdTe, CdTe/ZnTe [30] [31] [32] ), we think that the observation of a threshold in the evolution of the number of ALE cycles before relaxation with growth temperature is more likely due to a change of the surface stoichiometry of the Se surface, as explained by the atomic models presented below. Figure 2 presents two possible atomic models explaining a self-regulated growth rate of 0.5 and 0.75 ML/cycle. These models take as a starting point those proposed to explain growth rates of 0.5 and 1 ML/cycle in the case of the growth of ZnTe on (001)-CdTe and CdTe on (001)-ZnTe [30, 31] . They are based on the surface reconstructions that are well known for these materials. A growth rate of 0.5 ML/cycle of CdTe and ZnTe in ALE mode is explained by a coverage = 0.5 ML for the c(2 × 2) Cd or Zn terminated surfaces and = 1 ML for the (2 × 1) Te surface [30, 31] . A growth rate of 1 ML/cycle observed when decreasing the substrate temperature is attributed to a coverage of = 1.5 ML for the tellurium-rich surfaces. The existence of a coverage larger than 1 ML is the result of physically adsorbed Te 2 molecules on a Te saturated surface, as shown in the case of CdTe (001) by ultra-high-vacuum scanning tunnelling microscopy (STM) measurements [33] . In the case of CdSe we propose a mechanism identical to that of the tellurides to explain the self-regulated growth rate of 0.5 ML/cycle observed for temperatures higher or equal to 240
• C. To account for the deposition rate of 0.75 ML/cycle observed for growth temperatures below 200
• C, we suggest the formation of a Serich surface under Se flux with a coverage = 1.25 ML. The coverage higher than 1 ML under Se flux could result in physically adsorbed Se 2 molecules. Such an excess in Se when decreasing the substrate temperature was observed for ZnSe (001) surfaces [34] . As shown in figure 2, this coverage allows the incorporation of 0.75 ML of Cd during exposure to the Cd flow.
Surface morphology changes of a strained CdSe layer
We present in this section the effect on the surface morphology of the desorption of amorphous selenium previously deposited at low temperature on a strained CdSe layer. The results presented in this section are based on atomic force microscope (AFM) images of CdSe surfaces obtained ex situ. It was shown in [35] that exposure of uncapped CdSe structures to air has no influence on the QDs and their stability. Only AFM images taken within a few hours after removing the sample from ultrahigh vacuum were taken into account. After longer periods, the appearance of new entities with much larger sizes, probably due to oxidation, similar to the one described in [36] , are observed. The validity of the measurements done in air was also verified on test samples by comparing images taken in air and under vacuum: the test samples were first measured under vacuum after having transferred the samples protected with amorphous selenium and removing the amorphous selenium into another vacuum chamber equipped with an AFM. Then, those test samples were measured again in air. No change of the surface morphology is measured if the measurement in air is done within a few hours after the measurement under vacuum. Note that when the measurements are done under vacuum, the amorphous selenium is desorbed in another vacuum chamber than the one in which the growth is done. This can change the conditions in which the amorphous selenium is desorbed and the surface observed in the AFM vacuum chamber could be different than the one obtained after desorbing the amorphous selenium in the growth chamber. To avoid having to transfer the samples from one vacuum chamber to another before desorbing the amorphous selenium and because accessibility to a microscope under vacuum was limited, the systematic studies were done ex situ.
The CdSe growth rate by the ALE growth mode having been determined, as described in the previous section, we grew several samples of strained CdSe layers on (001)-ZnSe below the critical thickness with different CdSe thicknesses [20] . We used a growth temperature of 280
• C. From the study presented in the previous section, we know that for this growth temperature the self-regulation occurs at 0.5 ML/cycle. We are also far from the threshold temperature (around 220
• C) for which the self-regulated growth rate begins to increase. Even if there is a small uncertainty in the temperature measurement the growth rate will not change, and we are thus able to precisely control the CdSe thickness half ML by half ML. Figure 3 shows AFM images obtained ex situ and the corresponding RHEED patterns, just after the desorption of the amorphous selenium for three different thicknesses of CdSe layers and for the initial ZnSe surface. In all cases the CdSe layers were deposited in the ALE growth mode at 280
• C and each thickness was deduced from the number of ALE cycles. The differences after amorphous selenium desorption between the ZnSe bare surface and the surfaces obtained with 2, 2.5 and 3 ML of strained CdSe show the effect of amorphous selenium on strain relaxation. The amorphous selenium desorption does not change the surface morphology of the ZnSe surface. The thicknesses of 2 ML (four ALE cycles) and 2.5 ML (five ALE cycles) of CdSe lead to strong undulations on the surface. Those undulations are about 5 nm high and 450 nm wide for 2 ML of CdSe and are about 10 nm high and 300 nm wide for 2.5 ML of CdSe. In both cases, the undulations are parallel to the [110] direction. Such undulations might be due to surface instabilities [37] related to the high lattice mismatch between CdSe and GaAs (the strain in the CdSe layer is due to the lattice mismatch of 7.5% between CdSe and GaAs [38] because the ZnSe buffer is fully strained on GaAs). The RHEED patterns indicate a 2D surface, due to the presence of large terraces on the surface in comparison to the scale probed by the RHEED electron beam. What is striking in the AFM images is the abrupt change of surface morphology observed between 2.5 and 3 ML of CdSe. The deposition of a 3 ML thick (six ALE cycles) CdSe layer leads to a drastically different surface morphology: the formation of small circular islands clearly occurs on the surface. An intermediate case corresponding to 2.7 ML will be discussed later in this paper. Figure 4 presents a plan view and a three-dimensional view of a 300 nm × 300 nm AFM scan after the 2D-3D transition of the 3 ML CdSe sample. The typical density of the islands is 3 × 10 10 islands cm −2 . On this AFM image we see that there are two types of island. The first type corresponds to islands about 20 nm in diameter and 2 nm high. The second type corresponds to islands about 40 nm wide and 5 nm high. The height profiles of islands representative of those two distributions are presented in the inset of figure 4 . A statistic analysis of the island sizes could not distinguish those two island distributions, because the density of the large islands is about 20 times smaller than that of the small islands. We were only able to measure the average dimensions of the islands. Taking into account the size of the AFM tip, Gaussian fits on the size distributions give a diameter of 22±15 nm and a height of 2.2 ± 1.7 nm for the island distribution.
The formation mechanism of CdSe islands was also investigated in cross section by TEM in [20] and it was shown that the island formation occurs during the desorption of the amorphous Se. Cross-sectional TEM images also showed that, before capping, the islands have a similar shape to the InAs/GaAs islands formed by the Stranski-Krastanov growth mode.
Apparently, there is only a narrow acceptance window between 2.5 and 3.5 ML of CdSe for the formation of QD islands: for 2.5 ML, the stored elastic energy is not important enough to observe island formation and for 3.5 ML strain relaxation occurs by formation of misfit dislocations. When restricting to semi-integer ML growth steps by ALE, this offers only a small parameter space for tailoring the QDs with respect to size distribution and density. It is thus interesting to examine the behaviour of a CdSe film with arbitrary thickness between 2.5 and 3.5 ML more closely. This requires conventional MBE growth instead of ALE. To see if an amount between 2.5 and 3 ML of CdSe would lead to a lower island density, we investigated the effect of amorphous selenium on a 2.7 ML CdSe film. As the intensity oscillation of the specular RHEED spot is the only control mechanism of the growth rate during MBE growth, the CdSe MBE growth speed was first determined on a test sample. Then, a 2.7 ML CdSe film on (001)-ZnSe was prepared using the calibrated growth speed. The sample was then treated with amorphous selenium and studied with an AFM under atmospheric conditions. Figure 5 shows ex situ AFM images obtained on this sample. Most of the surface is covered by large waves (figures 5(a) and (b)) with 400-600 nm large periods and amplitudes of typically 5 nm, consistent with the observations in figure 3 . Additionally, on top of these large wave structures, smaller waves were found, with periods of the order of 50 nm and amplitudes of 0.6-0.8 nm, corresponding to 2-3 ML fluctuations. The waves are persistently oriented along the [110] crystal direction. The absence of QDs on most regions of the sample is in good accordance with the calculation model done by Tinjod et al [18] , which predicts a critical value for island formation of 2.8 ML. As seen in figures 5(c) and (d), in some regions of the sample additionally to the wave structures that dominate the topography, along the [110] direction of the valleys, regular structures of well-oriented small islands are visible. A cut through the topography reveals that the sizes of these islands are 0.5-0.9 nm in height and 8-12 nm in lateral width. Thus, this arrangement of the islands is certainly a prestage for QD formation in CdSe systems and might be of great interest when studying coupled QDs and QD arrays.
Influence of capping on QD morphology
The influence of the capping procedure on QD formation has also been intensively studied. Litvinov et al [39] show, using TEM images, that interdiffusion effects are not important when a 2D-3D transition obtained using thermal activation is achieved and when capping is done using the MBE growth mode.
Passow et al [10, 11] who use the migration-enhanced epitaxy (MEE) growth mode to form CdSe islands as described in [17] report different effects in the QD formation depending on whether the capping is done using the MBE or MEE growth mode. According to their results, the incorporated quantity of cadmium is twice less if capping is carried out using MEE. They deduce from their TEM and PL measurements that if capping is done using the standard MBE growth mode, the obtained structures are quantum wells with thickness and composition fluctuations. In the case of capping carried out in the MEE growth mode, they observe QD formation with exciton localization up to a temperature of 100 K. The authors explain the QD formation process by an enhanced segregation between zinc and selenium due to the MEE growth mode. This segregation would involve a CdSe reorganization accompanied by the desorption of part of the deposited cadmium. The authors deduce from their results that, in spite of the observed 2D-3D transition, the Stranski-Krastanov growth mode does not occur during the CdSe growth, the QDs being formed during capping, only if it is carried out using the MEE growth mode [11] . These observations show that a treatment is needed after the growth of the CdSe layer to obtain a StranskiKrastanov-like 2D-3D transition.
Segregation phenomena induced by capping were also observed by other groups [40, 41] . Kurtz et al [40] , who induce the island formation by an exposure to sulphur, recover a 2D RHEED pattern after the growth of only 10 ML. They also observe an MBE growth rate higher at the very beginning of capping. They interpret these observations by CdSe island dissolution and transport of the cadmium atoms toward the growth front.
In our experiments, we always grew the beginning of the second ZnSe barrier in the ALE mode, which enables us to obtain the best ZnSe crystalline quality. We now describe the influence of the capping in our growth procedure. In particular, we studied the cadmium redistribution by means of RHEED observations during growth and TEM images. It was found that capping affects the cadmium distribution in the layer, and the influence of the capping temperature on the shape and the cadmium content of the QDs was studied. Cadmium incorporation was studied by means of HRXRD and cartographies of the lattice parameter along the growth direction using TEM images. No cadmium loss was found during capping if a 2D-3D transition of 3 ML of CdSe was obtained before capping.
Capping at 280
• C Figure 6 shows the RHEED pattern evolution during capping with a second ZnSe barrier, after the 2D-3D transition of 3 ML of CdSe induced by amorphous selenium. Capping was carried out beginning with 120 ALE cycles at 280 • C. An ALE cycle consists of a 10 s exposure to zinc, 10 s under vacuum, 10 s under selenium flux and finally 10 s under vacuum. The rest of the capping was done in MBE mode. We see in figure 6 that at the end of 30 ALE cycles an almost 2D RHEED pattern is recovered. Note that 30 cycles of ALE correspond to the growth of 15 ZnSe ML, i.e. approximately 4.2 nm of ZnSe. The height of the islands formed using amorphous selenium being typically 2 nm, this observation indicates that ALE capping at 280
• C does not just cover the islands with ZnSe, but that a phenomenon involving matter migration, tending to flatten the surface, occurs. After the growth of 80 ALE cycles, a perfectly 2D RHEED pattern is recovered (cf figure 6) . Figure 7 shows TEM images of a CdSe/ZnSe QD sample obtained using capping in ALE mode at 280
• C after the 2D-3D transition of 3 ML of CdSe as described above. Figure 7 (a) presents an image in dark-field mode obtained by selecting the (002) reflection. From the zone axis [110], the sample was tilted a few degrees around the [001] direction, so that this reflection is not affected by a multiple diffraction effect. In these conditions, the (002) reflexion intensity strongly depends on the chemical composition and the CdSe zones appear darker than the ZnSe ones. In figure 7(a) , we observe an abrupt CdSe/ZnSe interface on the side of the second barrier; on the other hand, the layer presents about 8 nm thickness fluctuations on the first barrier side. The CdSe QD shape gives the impression of having been reversed compared to what was observed in the AFM. thickness fluctuations of the sample due to the preparation, the contamination, the defects, and the strain. Moreover, in the case of a ternary CdZnSe alloy of sphalerite structure, it was shown that an inversion of contrast occurred around a cadmium concentration of 41% [42, 11] . Thus, a complementary study was carried out using Z -contrast images (cf figure 7(c) ). In this case, the electrons diffracted at large angles are used to form an image whose contrast is then very sensitive to the atomic number Z of the diffracting atoms and much less sensitive to other parameters. Figure 7 (c) confirms the results revealed by the high-resolution image: CdSe (light) forms a thin well with blisters approximately 50 nm long and 8 nm high which penetrate into the first barrier. The bright contrast visible at the GaAs/ZnSe interface is due to the incorporation of Cd during a growth interruption due to a residual flux. We can deduce from those results that this type of QD presents an external cadmium-rich shell, whereas the inside is richer in zinc. Thus, cadmium is redistributed in the layer during the encapsulation. Similar phenomena have been observed on InAs/GaAs QDs [43] and could be explained by surface segregation phenomena as discussed in [44, 45, 42, 46] Note that inversions of contrast in the centre of CdSe/ZnSe QDs observed in TEM images were observed by other groups [42, 11, 47, 12] and were attributed to a cadmium concentration higher than 41%. Those contrast inversions could, however, be due to phenomena similar to the ones we observe. In particular, Kurtz et al [40] made RHEED observations similar to ours during the growth, with a surface recovering a 2D RHEED pattern after the growth of a few ZnSe ML during capping. The TEM images in dark-field mode they present [47, 12] have a very similar aspect to ours, with CdSe blisters toward the substrate and a contrast inversion at the centre of the QDs.
Note that even if capping seems to redistribute the cadmium in the layer, PL decay-time measurements versus tem- Figure 9 . High-resolution off-axis TEM image of a CdSe/ZnSe QD sample obtained with 120 ALE cycles at 240
• C for the beginning of capping after the 2D-3D transition of 3 ML of CdSe.
perature show 0D-confinement properties of the heterostructures [19, 48] .
Capping at 240
• C Figure 8 shows the RHEED pattern evolution during capping after the 2D-3D transition of 3 ML of CdSe using amorphous selenium. Capping was done in this case by growing 120 ZnSe ALE cycles at 240
• C, the rest of the barrier being grown in the MBE mode at 280
• C. Compared to the case where the totality of the capping was done at 280
• C (figure 6), we notice that the surface tends to recover a 2D RHEED pattern after a more significant number of ALE cycles. Whereas when capping was carried out at 280
• C, the RHEED pattern was perfectly 2D after the growth of 80 ALE cycles, we see now that after the growth of 80 ALE cycles, intensity modulations remain along the diffraction streaks. At the end of the growth of the second barrier, the RHEED pattern is still not perfectly 2D. Figure 9 presents a high-resolution TEM image of a sample for which capping was carried out beginning with 120 ALE cycles at 240
• C. Compared to the case where capping was done at 280
• C, we see that the cadmium distribution in the layer is more homogeneous. We no longer see blisters with a higher cadmium concentration on the QD edges. The CdSe islands seem to be capped, preserving their original shape observed in AFM: we see in this image a wetting layer about 1.5 ± 0.2 nm thick on which one distinguishes QDs about one nanometre thick on the second barrier side. Note that the first 60 ML of the cap layer are grown by ALE when capping is done at 240 or 280
• C. In the ALE growth mode, each step is long (10 s), so that a thermodynamic equilibrium is reached at each step. The changes of the QD shape observed in the TEM images are then probably not due to a kinetically limited growth process and are more likely due to a change of the thermodynamic equilibriums reached at each ALE step.
In figure 9 , the wetting layer thickness corresponds to about 3 ML of CdSe. As 3 ML of CdSe were deposited, we see that the QDs, as well as the wetting layer, do not contain pure CdSe. A dilution of CdSe by ZnSe has occurred. Thus, even if we no longer observe blisters, capping seems to have flattened the CdSe islands and a intermixing effect of CdSe and ZnSe still exists. That flattening phenomena of the islands occurring at the beginning of the capping layer deposition was also observed in Ge/Si and InAs/GaAs systems [49] [50] [51] . The dilution of CdSe by ZnSe will be confirmed by the cartographies of the lattice parameter along the growth axis presented below.
Cadmium incorporation during capping
Cadmium redesorption has been reported by Passow et al [10, 11] in the case of capping in MEE mode, very similar to our ALE mode. Thus, we also investigated the amount of incorporated cadmium into our samples by means of HRXRD and lattice parameter cartographies along the growth direction using TEM images.
X-ray diffraction is very sensitive to the total cadmium amount incorporated within the layer [52] .
Thus, the structural properties of the CdSe/ZnSe structures were studied by HRXRD, using a Seifert high-resolution diffractometer XRD 30003 PTS-HR system. This setup is equipped with a parabolically bent multilayer in front of a Ge (220) four-bounce monochromator. A Ge (220) two-bounce analyser was inserted in front of the detector. The measurements were done using the Cu Kα 1 line (λ = 0.150 56 nm). Figure 10 presents the (004), ω/2θ HRXRD profile of a sample obtained after the 2D-3D transition of 3 ML of CdSe and capped in ALE mode at 280
• C. The dotted curve corresponds to the simulation of the structure shown in the inset. The simulation is obtained from Seifert software based on the dynamic theory of the x-ray wave diffraction. The thicknesses of the ZnSe barriers in the simulation are equal to those measured independently on TEM images. From the simulation, the incorporated amount of CdSe is of 10 ± 1Å, i.e. 3 ± 0.3 ML. Thus, in this case, no cadmium redesorption was measured by means of HRXRD.
To corroborate this measurement, high resolution TEM images of a sample obtained after the 2D-3D transition of 3 ML of CdSe and capped in the ALE mode were quantitatively analysed by the phase method [53] . This method allows us to measure and obtain a cartography of the lattice parameter along the growth axis a ⊥ and the cadmium concentration. Because the cadmium repartition within the layer is too perturbed when capping is done at 280
• C, we used a sample that was capped at 240
• C. The lattice parameter cartography along the growth axis a ⊥ is shown in figure 11(a) . The highest lattice parameter measured is 6.15Å, which corresponds to a local maximum cadmium concentration of 50%. This maximum cadmium concentration shows that there is a dilution effect of CdSe by ZnSe occurring during capping. Figure 11(b) shows the average concentration along the growth axis, considering the zone included into the rectangular zone of the cartography image. By integrating the average cadmium concentration along the growth axis we find an incorporated amount of cadmium of 2.8 ± 0.2 ML. This result confirms that almost all the deposited cadmium has been incorporated.
Note that the average concentration of cadmium versus the position along the growth axis shows an asymmetric cadmium repartition along the growth axis ( figure 11(b) ): a fit with two Gaussian lines shows that the cadmium concentration decreases less abruptly on the substrate side that on the capping layer side. This could be due to the fact that the dilution of CdSe by ZnSe that occurs during capping depends on the strain: the dilution effect seems to be more important in the wetting layer where the strain is more important.
We saw in section 4 that, when only 2 ML of CdSe were used, the amorphous selenium treatment does not lead to a clear 2D-3D transition but rather to strong undulations on the surface. We also studied the effect of capping in the ALE mode for a sample where only 2 ML of CdSe were used and we investigated the incorporated amount of cadmium. Figure 12 shows the (004), ω/2θ HRXRD profile of that sample. The inset shows the sample composition obtained from the simulation (dotted curve). From this simulation, the estimated incorporated amount of CdSe is 4.5 ± 0.5Å, i.e. 1.36±0.15 ML. We find that part of the deposited cadmium was desorbed during capping.
On the same sample, we also studied the cartography of the lattice parameter along the growth axis a ⊥ . Figure 13 shows the cartography of the lattice parameter along the growth axis obtained from an off-axis high-resolution TEM image and the average cadmium concentration along the growth axis. Note that for this sample also the cadmium concentration decreases less abruptly on the substrate side that on the second barrier side. From the area of the curve of the average cadmium concentration along the growth axis ( figure 13(b) ), we estimate that the amount of incorporated cadmium is 1.2 ± 0.2 ML. Those results corroborate the fact that for this sample part of the deposited cadmium was desorbed during capping.
For this sample, since 2 ML of CdSe were used, the 2D-3D transition did not occur. Thus, the strain in the CdSe layer is higher than in the case where a clear 2D-3D Stranski-Krastanov-like transition was obtained using 3 ML of CdSe. It seems that the incorporated amount of cadmium depends on the strain of the CdSe layer. This could also explain why Passow et al observe that half of the deposited cadmium is desorbed during capping [10, 11] : in their growth procedure, no treatment on the CdSe layer is performed before capping. Thus, in their case, the CdSe layer remains strained on ZnSe and, as they explain, the Stranski-Krastanov transition is induced by capping and is accompanied by a desorption of half of the deposited cadmium.
Conclusion
The self-regulated growth rate of CdSe on (001)-ZnSe in the ALE growth mode depends of the growth temperature. An increase from 0.5 to 0.75 ML/cycle is observed when decreasing the growth temperature between 240 and 200
• C. This increase of the growth rate can be explained by a coverage of the surface under selenium flux higher 1 ML at low temperatures. The growth rate having been determined, ALE was used to precisely control the thickness of strained CdSe layers on (001)-ZnSe. The thickness of the strained CdSe layer plays a key role in the strain relaxation process: CdSe island formation is observed when 3 ML of CdSe are deposited on ZnSe, whereas the use of only 2.5 ML of CdSe leads to strong undulations on the surface. The abrupt change of surface morphology observed between 2.5 and 3 ML shows that the thickness of the CdSe layer has to be precisely controlled. When 2.7 ML were deposited, in some regions of the sample, additionally to the undulations that dominate the topography, along the valleys, regular structures of well-oriented small islands are visible. Further investigations are in progress to determine if this state corresponds to a precursor state to island formation that could lead to a control of the coupling between QDs. Next, the influence of capping on the QD formation was investigated. Cadmium is redistributed within the layer during capping with a tendency to migrate into the first barrier. The cadmium redistribution depends on the capping temperature and the strain distribution in the CdSe layer before capping. We also studied the cadmium incorporation within the layer. If the strain is relaxed in the CdSe layer due to a clear 2D-3D transition of 3 ML of CdSe, all the deposited cadmium is incorporated. If the strain is not relaxed via a 2D-3D transition the deposited cadmium is not entirely incorporated. This shows that the incorporated amount of cadmium depends on the residual strain in the CdSe layer before capping. These results open the way to a better control of CdSe/ZnSe QD morphology and optical properties.
